When a surface of a radiation-absorbing material is illuminated by a sufficiently intense radiation, the gas ablated from the surface produces reactive a force causing an acceleration of the initial matter and setting a stage for instabilities of the Rayleigh-Taylor type. New effects associated with the non-normal incidence of the radiation are analysed. It has been shown that, at large enough tilt, the instability becomes significantly faster than in the 'normal' case and unstable modes acquire finite phase velocity along the surface. The most unstable perturbations are rolls whose orientation depends on the angular distribution of radiation. These results are of interest for laboratory studies of ablation fronts and for the theory of photoevaporation fronts in astrophysics.
Introduction
When intense radiation falls on a boundary of a slab made of the radiation-absorbing matter, evaporation/ionization of the surface layers facing the radiation source begins, and a gas flow directed away from the surface forms (ablation flow). Because of a 'rocket effect,' the slab experiences acceleration in the opposite direction. Since the density of the ablated material is usually much smaller than the initial density of the matter, one finds here a classical setting for the Rayleigh-Taylor (RT) instability (e.g. [1] ): in the frame co-moving with the ablation front, the effective gravity acceleration is directed from the heavy to the light fluid. This situation is typical for a number of applications, ranging from inertial confinement fusion (ICF) (e.g. [2] [3] [4] ), to gaseous clouds in astrophysics (e.g. [5] [6] [7] ).
Significant amount of experimental and theoretical effort has been spent to elucidate various aspects of this phenomenon, especially in the context of direct-drive [8] [9] [10] and indirect-drive [2, 11] ICF. In the direct-drive scheme, the target surface is illuminated directly by several laser beams of visible or near-UV light; in the indirect-drive scheme, the laser radiation is first converted to a black-body radiation with the temperature ∼100-200 eV which The slab is irradiated from the top; the ablation flow is directed upward and accelerates the slab in the downward direction. In panel (a), the radiation flux is symmetric with respect to the normal to the slab surface; we call this case below a case of a 'normal' irradiation. In panel (b), the average radiation flux is tilted with respect to the normal; we call this case a case of 'non-normal' or 'tilted' irradiation.
is then used to illuminate the target. In all the aforementioned studies it was assumed that the radiation field is symmetric around the normal to the surface ( figure 1(a) ). A lot of attention was also paid to the ablation front instabilities in the astrophysical context. Here, the focal point was an instability of an ablation front in the case where there is no acceleration (in our model, this corresponds to an infinitely thick slab). Vandervoort [12] has pointed at the importance of the effect of the radiation tilt to the surface (figure 1(b)): in the case of a non-normal incidence, there exists a robust instability of the waves travelling along the surface. Subsequent papers [13] [14] [15] [16] covered various aspects of instability of a nonaccelerating ablation front for both the normal and non-normal incidence. In particular, effect of radiation absorption in the ablated material was considered [13, 16] . Effects of acceleration have not been included in these analyses.
In this paper, we look at the interplay of these two phenomena: slab acceleration, and the radiation tilt. This interplay may be important both in the astrophysical setting, where the ablation fronts, generally speaking, experience an acceleration, and in the laboratory setting, where the radiation flux would be tilted either deliberately (in particular, to simulate astrophysical phenomena), or because of, e.g. non-uniformities of a radiation field inside the hohlraum case in the indirect-drive experiments.
We consider an ablatively-accelerated slab in the situation where the radiation is tilted with respect to the slab surface. We show that the RT instability is strongly modified by this effect: (1) the growth rate becomes higher than for the 'canonical' RT instability; (2) the growth rate becomes dependent on the direction of the wave vector, and (3) unstable perturbations acquire a character of travelling waves. We study in a unified manner a transition from a 'purely' RT instability of the accelerated slab to an instability of a non-accelerated ablation front.
The model
The model we use follows the main assumptions of the paper by Vandervoort [12] . First, we assume that the absorption length l abs of the radiation in the slab material is very small compared to all other dimensions so that the ablation front can be considered as a geometrical surface. Our assumption regarding the smallness of l abs means in particular that the wave-number, k, of perturbations allowed by our theory must be small compared to 1/l abs , kl abs 1. In the directdrive schemes of the laboratory experiments this assumption corresponds to wavelengths 1/k much longer than the distance l between the critical surface (where the radiation is absorbed) and the ablation front proper (to which the energy is transported by heated electrons).
The second assumption is that the density of the ablated material is much smaller than the initial density of the matter. The latter condition is usually satisfied in astrophysical settings (see [17] [18] [19] ). (As argued in astrophysical literature (e.g. [20] ) the ablation flow velocity is equal to the sound speed in the ablated material. The latter is much higher than the sound speed in the initial material. Then, the continuity arguments show that, indeed, the density of the ablated material must be small). In the laboratory setting, the condition of a low density in the ablation flow corresponds to the situation of a modest radiation intensity (not very high radiation temperature in the indirect-drive scheme, [3] ). We leave inclusion of more subtle effects related to absorption of the incoming radiation in the ablated material [13, 16] for further studies.
The ablation from some surface element with a sharp boundary occurs normally to the surface, no matter how the incident radiation is directed (cf [6] ). The ablation pressure p a (directed normally to the surface) is some growing function of the energy flux I (energy per unit surface area per unit time). In other words, p a = p a (I ). We will not need the specific form of this dependence for our analysis. We only note that, if I increases by an order-of-unity, so does the ablation pressure, i.e. (I /p a )(dp a /dI ) ∼ 1. In particular, if p a ∝ I , one has I p a dp a dI = 1.
This is the case in the isothermal model considered by Vandervoort [12] . We note that, in direct-drive, typically, p a ∝ I 2/3 , so that (I/p a )(dp a /dI ) = 2/3. Generally speaking, p a may also explicitly depend on the angle of incidence (p a = p a (I, θ ) ). This may happen in the direct-drive experiments, where some fraction of the incident radiation will be reflected from the critical surface, especially at shallow incidence angles. The fraction of the absorbed radiation (which eventually determines the ablation force) will then depend on the angle θ. However, for the situations where the absorption of the light is caused by photoionization (like those in astrophysical settings, and in the indirect-drive experiments), this dependence is suppressed because, at a given I , the number of ions produced per unit area, does not depend on the tilt. As the energy (including the ionization energy) convected away from the surface is simply I (per unit area), the parameters of the ablation flow in this case depend only on I (not on the angle of incidence).
As we have already mentioned, an explicit dependence of the ablation pressure on angle θ may appear in direct-drive experiments, where a fraction of radiation reflected from the critical surface may depend on θ. On the other hand, if one allows for the dependence of the ablation pressure on the angle of incidence, it does not change anything essential in our analysis, just leads to some order-of-unity change of the vector C introduced in section 4.
Our second assumption (that the density of the ablated material is small) allows one to neglect the inertia of this material in the stability analysis of the interface, i.e. to consider the ablated material as a massless gas that exerts a pressure p a on the interface.
Speaking about the slab itself, we consider two models. The first represents the slab material as an incompressible fluid of a uniform density ρ. In this case, the acceleration of the slab in an unperturbed state is obviously equal to
The second model represents a gas of a temperature T and molecular weight µ. In the co-moving frame, it experiences an effective gravity force g. The density distribution then follows a barometric law for a compressible atmosphere of a uniform temperature,
where ρ 0 is the density at the ablation front (z = 0). The quantities p a , ρ 0 , and g are related by equation (2) (with ρ replaced by ρ 0 ). We assume that the gas is an ideal gas, with negligible viscosity and thermal conductivity.
In their gross features, both models simulate a flyer-plate geometry of experiments [2, 8] . We do not consider transient processes that occur just after the radiation 'turns on' and do not include reverberations of compression and rarefaction waves in the slab; what we consider, is a late stage, where these motions have already settled down, and, in the frame attached to the ablation front, the slab is in a steady state (aside from perturbations, whose temporal evolution we are going to study).
Characterizing the angular distribution of radiation
We characterize the radiation by the angular distribution J (θ, ϕ) of the intensity, dI = J (θ, ϕ) sin θ dθ dϕ, where θ and ϕ are the polar angle and the azimuthal angle of spherical coordinates, with the azimuthal angle ϕ measured from the x-axis (figure 2). The total energy flux through a unit element of the unperturbed surface is:
where n 0 is a normal to the unperturbed surface, and dΩ is an element of the solid angle. The additional factor cos θ in the integrand is accounting for a tilt of a particular beamlet with respect to the surface. The angular dependence of the radiation intensity can be caused, for example, by a non-uniform heating of the hohlraum walls in the laboratory setting, figure 3 , or by the presence of several bright stars illuminating the photoevaporation front in the astrophysical environment.
The surface perturbation can be characterized by the displacement ξ z (x, y, t) of the surface element along the axis z. If the surface is perturbed, the normal becomes n = n 0 + δn, where n 0 is the unperturbed normal, and δn is the perturbation. In the linear approximation, one has: Figure 2 . The geometry of the problem: g is effective gravity acceleration in the frame attached to the ablation front (plane z = 0); vector g is parallel to the normal n 0 to the unperturbed surface; s is a unit vector in the direction from which a particular beamlet of radiation comes.
Average radiation flux Incident laser beams Ablation pressure Flyer plate Hohlraum case Figure 3 . The way of creating a 'radiation tilt' in the case of an indirectly driven flyer-plate. The hohlraum is deliberately illuminated only from one side, to make the walls in the right-hand side of the hohlraum hotter than in the left-hand side. The radiation will then be tilted with respect to the flyer-plate as shown by a dashed arrow. The ablation pressure (shown in short arrows) for the flat (unperturbed) surface will still be directed normally to the surface.
A change of the orientation of the surface causes a change of the intensity:
where
This result essentially (up to notation) coincides with equation (104) of Vandervoort [12] and equation (3) of Saaf [14] . Note that the linear perturbation δI is non-zero only if the irradiation distribution is non-axisymmetric around the normal to the unperturbed surface, i.e. there is a ϕ dependence of I . The perfect black-body radiation is isotropic; therefore, in the laboratory experiments with the packages mounted at the hohlraum wall and driven by the hohlraum radiation, the effect under discussion can be caused only by deviations from the black-body radiation. As I 1 and I 2 are the sin ϕ and cos ϕ moments of the angular distribution, high-modenumber asymmetry does not contribute to the effect (the asymmetries with the azimuthal mode numbers m = 2, 3, . . . are orthogonal to sin ϕ and cos ϕ). In our analysis (which in this respect coincides with the Vandervoort's analysis) all the properties of the incident radiation are encapsulated in two integrals, I 1 and I 2 . If both of them are zero, the effect of radiation is indistinguishable from the case where the radiation falls on the ablation front along the normal. In this regard, there is no difference between the strictly normal (to the surface) radiation and, say, a 'perfect' (isotropic) black-body radiation. Therefore, we shall use the term 'normal irradiation' not only if the radiation forms a planeparallel flux directed along the normal to the surface, but also in all cases where integrals I 1 and I 2 are both zero.
An incompressible fluid
Consider a slab of an incompressible fluid of a density ρ and a thickness h accelerated in the positive direction of the axis z by the ablation pressure p a ( figure 2 ). This models a flyerplate geometry of experiments [2, 8] . In the co-moving frame, there is an effective gravity acceleration directed in the negative z direction, with the absolute value of the acceleration determined by equation (2) .
We are seeking perturbations of the form: f (z) · exp(−iωt + ik · r) where k is a twodimensioanl wave-number in the xy plane. The linearized set of equations of the incompressible hydrodynamics in the co-moving frame (i.e. in the frame where unperturbed fluid is at rest) yields the following expression for perturbations of the pressure and of the z-component of the fluid displacement (e.g. [21] , and section IVA in [22] ):
where A and B are arbitrary constants. The boundary conditions for the pressure perturbation are the conditions of the continuity of the pressure over the perturbed boundaries. On the illuminated boundary, the external pressure perturbation is the ablation pressure perturbation δp a ; on the other boundary it is zero,
Equations (7)- (9) yield the following expression for ξ z (0):
.
On the other hand, the ablation pressure perturbation is related to the displacement of the surface z = 0 and can be presented as (see equation (5)):
where C is a vector with the components:
The absolute value of C characterizes the radiation asymmetry: if the asymmetry is of the order of one, then I 1 , I 2 ∼ I , and |C| ∼ 1; conversely, if the asymmetry is small, then |C| 1; |C| = 0 implies a normal irradiation in the sense I 1 = I 2 = 0. The absolute value of C is obviously equal to |C| = I Substituting pressure perturbation (11) into equation (10), and using equation (2), one finds the dispersion relation:
For C = 0 this equation yields two familiar roots for the slab supported from below by a massless fluid (e.g. [21] ): ω 2 = ±g|k|. Unstable solutions of equation (13) at C = 0 are shown in figure 4(a) . At small and modest kh there are two unstable modes. Note that, at kh → 0 the growth rate of both of them is less than √ gk, namely:
(this result pertains to |C| < 2; we do not present here a discussion of a quite improbable case |C| > 2). At kh > 1, the growth rate for one of them becomes significantly higher than √ gk, whereas the other mode ceases to exist as an unstable mode. Generally speaking, unstable modes have substantial real part of the frequency, that corresponds to a finite phase velocity along the surface. In this respect, these modes are very different from the 'standard' RT-unstable modes which grow without propagating along the surface.
At kh > 1, one has tanh(kh) ≈ 1 and the solution of the dispersion relation for the unstable mode becomes:
The growth rate (15) depends on the direction of the wave vector, reaching maximum when the wave vector is parallel to C, and reaching minimum (equal to g|k|) when the wave vector is perpendicular to C. If the irradiation 'non-normality' is of the order of 1 (i.e. |C| ∼ 1) the effect of the growth rate anisotropy can be quite strong. Figure 4(b) shows the dependence of the growth rate on the angle α between the vectors k and C. When α → π/2, the effect of the radiation tilt vanishes. Equation (13) can be presented in a somewhat different form, more convenient for the comparison with Vandervoort's results. Namely, by using condition (2), one can rewrite the dispersion relation (13) as:
Taking a limit of h → ∞, we recover a case of a semi-infinite medium considered by Vandervoort, only in our case this is an incompressible medium. In this limit one obtains:
One cannot directly compare this result with the Vandervoort's, because he deals with an isothermal gas, not an incompressible fluid. Still, equation (18) manifests the same features: there is no instability in the case of the normal irradiation (C = 0), and, for C = 0, the growth rate is proportional to k. A more direct comparison will be carried out in the next section, where we consider a slab of a compressible gas. We remind that our theory is limited to 'long wavelengths', that is, -λ = 1/k must be greater than the thickness l abs of the absorbing layer in the case of ionizing radiation (i.e. in astrophysics and in the indirect-drive experiments), and thicker than the stand-off distance l in the case of direct-drive experiments. One more constraint is related to the effect of ablative stabilization ( [3, 4] and references therein) which becomes important at short wavelengths, k > Im ω/βv a , where v a is the velocity at which ablation front propagates into the matter in front of it, and β is a numerical coefficient somewhere between 1 and 3. Also, in the direct-drive mode, for the perturbations with kl > 1 there exists an effect of 'overpressure stabilization' (e.g. [23] ). These factors determine the applicability domain of equation (13) in each particular situation.
A compressible fluid
To take into account the effects of compressibility of the slab material, we have considered a problem where, instead of a layer of an incompressible fluid, the ablative pressure accelerates a layer of a gas of a constant temperature (and, accordingly, of an exponentially decreasing density, ρ 0 ∝ exp(−z/ h), with h = T /µg, section 2). Dispersion relation in this case is derived in the appendix and has the form:
where γ is an adiabatic index of the layer material, and h is the scale-height (2). At small ks, kh 1, it yields the same result as the dispersion relation (13); for large ks, kh 1, the results are presented by equation (22) .
Eliminating g by virtue of equation (2) (with ρ replaced by ρ 0 ) one can present dispersion relation (19) in the form:
Taking a limit of a large scale-height h (i.e. zero acceleration), and noting that p a /ρ 0 = s 2 /γ , where s corresponds to sound speed, we find a dispersion relation:
which, for γ = 1, coincides, up to notation, with Vandervoort's equation (93) (with µ ≡ (k · C)/γ k), in agreement with Vandervoort's equation (102). (Note that the Vandervoort's analysis corresponds to isothermal perturbations, γ = 1.) Numerically, however, the transition to an asymptotic solution (22) occurs only at quite large ks. As figure 5 demonstrates, even at kh as high as 6, an exact solution still deviates significantly from the asymptotics (22).
Possible laboratory experiments
We briefly discuss here possible experiment similar to that described in [2] , where the flyerplate will be driven by x-rays generated in a hohlraum. In the experiment [2] , perturbations in the form of a sinusoidal ripple with wavelengths 20-100 µm have been introduced on the surface of the foil facing the hohlraum. The foil thickness (after compression) was ∼20 µm. Both linear and non-linear stages of the RT instability were detected. This was accomplished by face-on radiography: the experimental package was illuminated normally to the surface by an auxiliary short-pulse hard x-ray source situated behind the target, and images were recorded of the transmitted x-ray radiation. The growth of the ripple manifested itself in the increased contrast of the image, that is, the thick regions transmit less, and the thin regions transmit more of these high energy (1-10 keV) probe x-rays.
Without attempting a specific design of an experiment to study the effects caused by the radiation tilt, we simply suggest to use the same scheme but make radiation flux asymmetric with respect to the surface of the target, by generating deliberately asymmetric radiation in the hohlraum. This can be done, in particular, in a way illustrated in figure 3 : the hohlraum will be heated non-uniformly along its length, so that the experimental package will receive a stronger radiation flux from the right than from the left, thereby making |C| ∼ 1.
The characteristic absorption length in the experiment [2] was of order of a few micrometres, much less than the wavelength. In other words, the condition kl abs < 1 was satisfied for all wavelengths. The density of the ablated material was substantially smaller than that of the flyer-plate, typically by a factor of 40 or more (note that this ratio is about the same as in the ablation front observed in the Eagle Nebula [17] ). So, we conclude that the presented theory should provide at least qualitative description of the ablation front instability in the setting of figure 3 .
The most obvious signatures of the effects of the radiation tilt are related to the anisotropy of the growth rate, and the presence of the travelling wave component ( figure 6 ). On panels (a) and (b) the initial sinusoidal perturbation of the surface has a wave number oriented in the direction of the maximum (a) and minimum (b) growth rate. The markers are embedded into the foil material and do not move (in the plane of the figure) in the course of experiment. By using a face-on radiography, very much like this had been done in [2] , one would be able to measure both the growth rate and the phase velocity of perturbations. The simultaneous measurement of two parameters characterizing the instability would provide a good test of the theory.
Even more direct (although more qualitative) test of the effects caused by the radiation tilt would be a face-on imaging of the initially axisymmetric perturbation (a bump or a dimple). For the 'canonical' RT instability that develops in the case of a normal incidence, the perturbation remains axisymmetric and, at a non-linear stage, evolves to a familiar 'spike'. Conversely, in the case where there is a significant tilt of the radiation, the initially axysymmetric perturbation ( figure 6(c) , left panel) evolves into a grossly non-axisymmetric structure (figure 6(c), right panel), which eventually becomes strongly stretched. According to dispersion curves presented in sections 4 and 5, the anisotropy of the growth rate at |C| ∼ 1 will be quite substantial.
Discussion
To sum up, the non-normal irradiation causes the appearance of the following characteristic features in the instability of the ablation front: (1) the growth rate becomes anisotropic, with the maximum and the minimum values corresponding to the mutually perpendicular directions of the wave vector; the orientation of these 'principal axes' is determined by the angular distribution of the incident radiation; (2) at k ∼ 1/h or larger, the maximum (over the direction of the wave vector k) growth rate is universally greater than the growth rate of a canonical RT instability, g|k|; the minimum growth rate is g|k|; (3) unlike the case of a canonical RT instability, unstable perturbations have finite phase velocity along the surface.
It would be interesting to study the effects of the radiation tilt in laboratory experiments with intense lasers. If the anisotropy of the growth rate is considerable, the whole picture of the development of the RT instability (from the initially random noise) changes compared to a 'canonical' case: instead of three-dimensional structures typical for the isotropic ('canonical') case, one can now expect the development of elongated quasi-two-dimensional perturbations of the type of rolls, propagating with a significant velocity along the surface.
One can speculate that the initial sinusoidal perturbation at the non-linear stage may evolve as shown in figure 7 . The perturbation travels in the direction of the tangential component of Non-linear evolution of the tilted radiation modes in the frame co-moving with the wave along the surface. We speculate that the overtaking occurs and the tips of the waves split from the rest of the gas at the time t 4 to form globules (shaded) moving to the right along the surface. the incident radiation flux. It is conceivable that, at a certain amplitude, the singularity will form near the crest of the wave (like in the wave breaking on the water surface), and ejection of the material will occur from the vicinity of the singular points (t = t 4 ). Those clumps of the gaseous material could possibly be identified with the small-scale globules near the photoevaporation front discussed in great detail in [19] . In our model, they will have not only normal but also a comparable tangential velocity component with respect to the 'averaged' surface.
Two equations, (A8) and (A9), allow us to determine two quantities, the complex frequency ω, and a parameter κ. Inserting κ from equation (A9) to (A8), one obtains dispersion relation which is a product of two terms:
The zero of the first multiplier corresponds to a stable solution which is of no interest to us. In addition, as one sees from equation (A9), this solution corresponds to κ = −1/γ h < 0, in other words, to an unphysical exponential growth of perturbations. Physically meaningful solutions, therefore, can correspond to the zeros of the second multiplier which is exactly a dispersion relation (19) .
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